Introduction
Given large population sizes and presumed highdispersal potential, marine holoplankton are often expected to exhibit limited genetic structure and high gene flow among populations throughout their biogeographic range. Many early genetic studies on marine planktonic species supported this view by demonstrating limited genetic differentiation between population samples collected across up to 1000 s of kilometers of open ocean (e.g., Kann and Wishner 1996; Bucklin et al. 1997 Bucklin et al. , 2000 Darling et al. 2000; Jarman et al. 2002; de Vargas et al. 2004 ). However, recent work on the genetic structure of holoplankton has expanded both the spatial scale of sampling and the types of molecular markers employed, in addition to increasing the diversity of species studied, and has revealed a number of important new insights. First, observations of genetic structure existing at a range of spatial scales has demonstrated that there are real limits to panmixia even in highly dispersive, oceanographic environments (e.g., Peijnenburg et al. 2004; Rynearson and Armbrust 2004; Goetze 2005; Peijnenburg et al. 2006; Darling et al. 2007; Chen and Hare 2008; Casteleyn et al. 2010; Yebra et al. 2011) . It is now clear that although some species may operate as a single panmictic population throughout their distributional range (e.g., Calanus finmarchicus, Provan et al. 2009 ; Euphausia superba, Bortolotto et al. 2011) , others clearly exhibit genetic structure at macrogeographic, mesogeographic or even microgeographic scales. These observations imply much more limited dispersal than would be expected for organisms with an entirely planktonic life cycle. Second, phylogeographic structure and spatial patterns of gene flow have been shown to vary across even very closely related species of holoplankton (Goetze 2005; Chen and Hare 2011) , implying an important role for species-specific differences in realized dispersal. Speciesspecific ecological differences are well known to influence dispersal in nonplanktonic marine species (e.g., Ayre et al. 2009; Hickey et al. 2009 ), with adult habitat specificity playing an important role in addition to pelagic larval behavior and duration in the water column (e.g., Bohonak 1999; Cowen et al. 2000; Cowen and Sponaugle 2009) . Recent findings for planktonic copepods suggest that the strength of barriers to dispersal may vary depending on speciesspecific habitat requirements (Goetze 2005; Chen and Hare 2011) .
At present, there is insufficient information about holoplankton for us to understand whether there are shared patterns among species in the types of population genetic structures observed, and to identify the biological and oceanographic processes that influence dispersal, and therefore connectivity, among populations in distinct pelagic habitats. Here, I focus on resolving genetic structure among populations in the oceanic copepod Pleuromamma xiphias throughout its global distribution, as part of a broader research effort to identify biological traits that strongly influence dispersal of plankton in the open ocean. The central hypothesis is that habitat depth, or the vertical position of planktonic organisms in the water column, will be a dominant factor influencing the transport of animals among populations in different ocean regions.
Pleuromamma xiphias (Giesbrecht 1889) is an abundant pelagic copepod found in subtropical and tropical waters worldwide (Fig. 1, Steur 1932) , and is a dominant member of the migratory mesozooplanktonic assemblage. Up to 40% of the mesozooplankton biomass migrates between surface waters, where they feed at night, to a resting depth in the mesopelagic zone (200-1000 m depth) during the daytime. Pleuromamma xiphias is one of the largest-bodied mesozooplanktonic migrators (3.5-5.9 mm adult females), and as a result, exhibits one of the most vertically extensive diel migrations. Adult animals are present in the upper 160 m of the water column during the night, and descend to 4400 m during the day, with a vertical distribution known to extend down to 950 m (maximum abundance at 570 m during daytime in the North Atlantic) (Roe Tables 1 and 3. 1972; McGowan and Walker 1979; Haury 1988 ). This represents a migration of 4125,000 body lengths in each direction. Due to its extensive vertical migration and in situ abundance in subtropical waters, P. xiphias plays an important role in the active transport of carbon, nitrogen, and phosphorous out of the euphotic zone and into the deep sea (e.g., Steinberg et al. 2000; Al-Mutairi and Landry 2001) . This species was chosen as a model taxon for this study due to its well-characterized habitat depth and canonical vertical migratory behavior. It serves as a representative species for the diverse DVM zooplanktonic assemblage. Pleuromamma xiphias is an opportunistic omnivore with seasonal shifts between predominantly herbivorous and carnivorous diets (Schnetzer and Steinberg 2002; Hannides et al. 2009 ). With the exception of nine genetic sequences from the Census of Marine Zooplankton [mitochondrial cytochrome oxidase subunit I (mtCOI) and 12 S ribosomal RNA] (Bucklin et al. 2010 , R. J. Machida unpublished data), nothing is known from previous work regarding the genetic structure or diversity of this species.
The objective of this study was to test two hypotheses about the genetic structure in P. xiphias, based on expectations of how habitat depth interacts with ocean circulation and bathymetry to control dispersal in this species. First, I hypothesize that the IndoWest Pacific (IWP) serves as a strong barrier to dispersal between P. xiphias populations in the Indian and Pacific Oceans, due to a diel vertical migration that extends well below the water depth of much of the IWP region. Second, I hypothesize that P. xiphias will exhibit statistically significant but modest genetic structure within ocean basins due to its diel movement between the surface ocean (which is strongly influenced by large-scale ocean currents and the semi-retentive circulation of subtropical gyres) and the mesopelagic, which has relatively weak environmental gradients. To test these two hypotheses, I used mtCOI DNA sequences from 651 individuals collected at 28 locations in the Indian, Pacific, and Atlantic Oceans to characterize the genetic structure of P. xiphias throughout the global ocean.
Materials and methods

Population sampling and morphological identification
Pleuromamma copepods were collected in bulk samples of zooplankton from 28 locations in the Atlantic, Pacific, and Indian Oceans (Table 1 , Fig. 1 ). The majority of these samples were obtained by oblique tows of either a 0.71 -m diameter bongo net or a 1 -m ring net (202-333 mm mesh) from between 400 and 1000 m and the surface. Four samples from the North Pacific were collected with a Tucker trawl (333 mm mesh) by an oblique tow. Bulk samples were preserved and stored in 95% nondenatured ethyl alcohol, changed to new alcohol within 24 h of collection, and maintained at À208C to minimize the degradation of DNA. Adult females and males of P. xiphias were identified to species by the pronounced pointed process on the anterior head (as illustrated in Bradford-Grieve 1999, Fig. 86 ). Prior to extraction of DNA, each specimen was examined for the number of hooks on the proximal antennule, the location of the pigment spot on the lateral prosome (right or left side of the body), given a qualitative score on tissue density within the prosome, and measured for prosome length in right lateral view. These characters were chosen because they are known to vary within either the genus or species, or seemed to co-vary with mitochondrial lineages in the first few samples examined. DNA sequences were obtained from a total of 651 P. xiphias specimens (Table 1) .
DNA isolation and polymerase chain reaction
Genomic DNA was isolated from individual adult copepods using the Dneasy Blood and Tissue kit (Qiagen). The only modifications to the manufacturer's protocol were to limit the 558C lysis incubation step to 1-1.25 h, and lengthen the elution incubation step to 410 min. DNA was eluted twice, with the first elution in 100 ml and the second in 50 ml. All analyses used the first elution as template DNA.
A fragment from the mitochondrial gene cytochrome c oxidase subunit I (mtCOI) was amplified by polymerase chain reaction (PCR). Initial DNA sequence data from 41200 bp of mtCOI were obtained using copepod universal primers L1384 and H2616 (Machida et al. 2004 ). Species-specific primers were designed from this initial sequence for use in all subsequent reactions (PLXI_VH [5 0 -CCA AAC GTT TCT TTC TTC CC-3 0 ], PLXI_VL [5 0 -TCA GCC AGG GTC TTT AAT TGG-3 0 ]). Primers PLXI_VH and PLXI_VL amplify a 681-bp fragment that overlaps (606 bp, 3 0 -end), but is nonsynonymous with, the Folmer region (Folmer et al. 1994) . PCR amplifications were performed in 25 ml reaction volumes with Invitrogen Taq polymerase at manufacturer's recommended concentrations. PCR conditions included a DNA denaturation step at 958C for 30 s, followed by 40 cycles of 30 s of denaturing at 958C, 30 s of annealing at 558C, 1 min of extension at 728C, with a final extension at 728C for 4 min. The nuclear gene region internal transcribed spacer 2 (ITS2) was amplified in 12 individuals using primers ITS3F [5 0 -GCA TCG ATG AAG AAC GCA GC-3 0 ] and ITS10R [5 0 -TAC GGG CCT ATC ACC CTC TAC G-3 0 ] ($520-bp product, White et al. 1990 ). Three individuals were from mitochondrial clade 3, and nine were from mitochondrial clade 4 (see 'Results' section). PCR conditions included an annealing temperature of 528C, with all other conditions as above for mtCOI. PCR amplifications were visualized on 1.5-2% agarose gels with ethidium bromide staining. PCR products were purified using shrimp alkaline phosphatase and exonuclease I (USB Corp.) for 30 min at 378C. Sequencing reactions were performed using BigDye terminator chemistry and were analyzed on an ABI 3730XL capillary-based sequencer. Both DNA strands were sequenced for all specimens.
Sequence data analyses
Sequences were edited using GeneIous (v.5.1.7 Biomatters) and base calls were confirmed by aligning both strands. Sequences are available under GenBank accession numbers JN574288 -JN574427 (mtCOI), and JN574428 (ITS2). Sequence alignments were generated in ClustalX (Thompson et al. 1997) , followed by minor adjustment in MacClade (Maddison and Maddison 2000) . No heterozygous base calls were observed in the mtCOI sequence, nor were there any insertions or deletions (indels), as expected for a functional gene. The final mtCOI nucleotide alignment was translated to amino-acid sequence to verify the number of nonsilent substitutions among haplotypes (in GeneIous v.5.1.7). Phylogenetic relationships among sequences were examined using neighbor-joining (NJ), maximum parsimony (MP), and Bayesian (BY) inference methods. NJ and MP analyses were conducted in PAUP 4.0b10 (Swofford 2002) , and BY analyses were completed in MrBayes (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . NJ analyses used genetic distances corrected under the transition model (TIMþIþG), which was selected as the bestfit model for the data by the Akaike Information Criterion (Modeltest v3.7, Posada and Crandall 1998) . Nodal support was assessed by bootstrapping across nucleotide sites with 1000 replicates. Parsimony analyses were performed using a heuristic search of tree space with tree-bisection-reconnection (TBR) branch swapping to identify tree(s) with the fewest changes in character state. Searches were initiated from trees generated by stepwise addition of taxa, with 10 random sequence-addition replicates. Parsimony bootstrap tests were conducted with 500 replicates of full heuristic searches, with settings as above. The steepest descent option was in effect, and a time limit of 1 h per bootstrap replicate was imposed. Trees were unrooted. BY analyses were implemented in MrBayes v3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) , and used the GTR þ G model with two replicate searches of 9 million generations each (sampling every 1000 generations), using default priors. Stationarity was assessed based on plots of log-likelihoods over time, average standard deviation of split frequencies between runs ( 0.01) and using Tracer v1.5 (Rambaut and Drummond 2004) . Trees sampled before achieving stationarity were discarded as burn-in. Clades with bootstrap support or BY posterior probabilities 470% were considered well supported.
DNA polymorphism was examined for mtCOI sequences within samples as well as across the entire data set. Nucleotide diversity (, Nei 1987), haplotype diversity (h, Nei 1987) , and Tajima's D (Tajima 1989) were calculated in ARLEQUIN (Excoffier et al. 2005) . These measures indicate the genetic diversity within samples, and Tajima's D is used to test for selective neutrality. Allelic richness (R d ), or the number of alleles in each sample, was estimated using rarefaction in HP-RARE (Kalinowski 2004 (Kalinowski , 2005 , based on a sample size of 20. Comparisons of allelic richness across samples were made using t-tests. Pairwise È ST and F ST values were calculated among P. xiphias samples in ARLEQUIN (Excoffier et al. 2005) , and both matrices were used to calculate Rousset's (1997) 
Population genetic structure I used three approaches to identify genetically distinct groups of samples, or populations, within P. xiphias. First, population graphs were used to visualize the spatial distribution of genetic variation in this species. In this approach, samples are represented as nodes, the sizes of which are an indicator of genetic variation in the sample. Graph nodes are connected by edges, with the lengths of the edges calculated on the basis of the genetic covariance between samples. One advantage of this multivariate-graph theoretic approach is that it avoids a priori definition of a hierarchically nested population model (e.g., as in AMOVA), and enables us to visualize groups of samples with high genetic covariance. Population graphs were calculated in GENETIC STUDIO (Dyer and Nason 2004; Dyer 2007 Dyer , 2009 , and were based on differences in haplotype frequency among samples. A second approach to identifying genetically distinct groups of samples was to apply principal coordinate analysis (PcoA) to È ST and F ST values in GENALEX v6.41 (Peakall and Smouse 2006) . Clusters of samples from this analysis that recurred in population graphs and barrier analyses (described below) were considered biologically meaningful, and were included in subsequent analyses. Finally, genetic barriers between samples were identified using Monmonier's algorithm in the program BARRIER v2.2 (Manni et al. 2004 ). This approach identifies geographic areas associated with genetic discontinuities among spatially connected populations. Analyses also were conducted with both È ST -based and F ST -based genetic distances. An analysis of molecular variance (AMOVA) was conducted for the regional structure suggested by the P. xiphias population graph, as well as for a regional structure that included two additional groups found to be distinct in barrier and principal-coordinate analyses. Statistical significance of fixation indices was tested by 10,000 permutations, and a standard Bonferonni correction applied to assess significance of pairwise È ST values among samples. Raymond's and Roussett's exact test for differentiation in haplotype frequencies was conducted in ARLEQUIN (Excoffier et al. 2005) .
I tested for isolation by distance (IBD) across the Indian Ocean using a Mantel test, which tests for correlation between È ST and geographic distance between samples, as well as by ordinary least square (OLS) regression between linearized genetic distance [È ST /(1 -È ST )] and geographic distance. Geographic distance was calculated as a great circle route between sample locations, which is the shortest path between two points along the Earth's surface. IBD tests were conducted only for the Indian Ocean due to the spatially continuous transect sampling in this ocean basin.
Results
Descriptive statistics and mitochondrial gene trees
A total of 140 mtCOI haplotypes were sampled throughout the global distribution of P. xiphias (571-bp fragment). Within the mtCOI haplotype alignment, 137 sites were polymorphic, of which 107 were parsimony informative. Six amino-acid substitutions were observed among haplotypes, each of which was present in only a single individual. Across 25 samples (mean sample size N ¼ 26), the number of haplotypes per sample ranged from 3 to 16 (Table 1) , and haplotype and nucleotide diversities ranged from 0.57 to 0.93 and 0.0011 to 0.0634, respectively. Allelic richness (R d ) ranged from 2.87 to 13.48. The Indian Ocean contained significantly higher genetic diversity than did either the North Pacific or South Pacific (h, , and R d , t-tests, P50.05), but little difference in diversity was observed between the Indian Ocean and North Atlantic (h and R d show no difference, significantly higher in the Indian Ocean).
Four major mitochondrial clades were observed, and found to be well-supported by all three phylogenetic inference methods (Fig. 2) . Clades 1, 2, and 3, as labeled in Fig. 2 , were not highly divergent genetically, with sequence differences among haplotypes of 2.1-4.6% between clades (transition modelcorrected distance, TIMþIþG). Node support for these clades ranged from 70% to 100% across NJ, parsimony, and BY inference methods. In contrast, clade 4 was 24.3-36.6% divergent from other P. xiphias haplotypes (TIMþIþG model-corrected distance; 12.9-15.4% Kimura 2-parameter (K2P) model-corrected distance), and 100% nodal support was observed for reciprocal monophyly of this clade relative to all other mitochondrial (mt) clades in this species (NJ/MP/BY, Fig. 2 ). The majority of the haplotypes and individuals sampled were from clade 3, which was globally distributed (Fig. 3) . Clade 2 was restricted to the tropical Atlantic Ocean, and occurred in only 14 individuals from two samples (Fig. 3) . Highly divergent clade 4 had an IndoPacific distribution, and these haplotypes were found in 71 animals from seven samples in the tropical and subtropical Pacific and Indian Oceans (Fig. 3) . Clade 1 consisted of three specimens from the Indian Ocean and South Pacific, and there was one outlier specimen that was not included in any clade (top of Fig. 2 , specimen collected in the North Pacific). Prior P. xiphias mtCOI sequences in GenBank included haplotypes from both clades 3 and 4. Sequence differences between my new clade 3 haplotypes and those previously submitted as DNA barcodes had a range of 0-1% (K2P model corrected distance; Accession Nos GU171315-GU171319, AB379990, Atlantic and Pacific Oceans) (Bucklin et al. 2010, Machida et al., direct 
Assessing species boundaries in deep mitochondrial clades
Given the deep genetic divergence between clade 4 haplotypes and all other mitochondrial clades in P. xiphias (Fig. 2) , it is important to evaluate whether this genetic lineage may represent a morphologically cryptic, undescribed species. To assess the independent support for clade 4 as a distinct species, I examined sequence variation at a fragment of the nuclear gene region internal transcribed spacer 2 (ITS2) and also compared individuals from clade 4 and clade 3 for a modest suite of morphological traits (character set as described in 'Materials and methods' section). No differences in sequence were observed at ITS2 among 12 individuals from mt clades 3 and 4. This gene region has been informative for detecting boundaries between species in other calanoid copepod groups (Goetze 2003 (Goetze , 2010 , but is expected to lack resolution in recently divergent lineages. So the absence of differentiation at this gene region among P. xiphias mt clades should be interpreted as an ambiguous result. Adult females and males from mt clade 4 were significantly smaller in prosome length than mt-clade-3 animals (t-test, p50.001; Table 2 , Fig. 4 ). These differences in body size were quite pronounced (means: 3.13 and 3.36 mm females, 3.20 and 3.44 mm males), and highly significant statistically. However, body size is known to be controlled by seawater temperature during development in copepods (e.g., Deevey 1960; McLaren 1963 McLaren , 1965 Huntley and Lopez 1992) , and given the primarily tropical distribution of mt clade 4 (Fig. 3) , these animals would be expected to experience higher seawater temperatures. Comparisons of animals from clades 3 and 4 collected in the same plankton tow, and which presumably experienced the same seawater temperature during development, show a similar, but nonsignificant, trend toward smaller body size in clade-4 animals (females only, Table 2 ). No other consistent morphological differences were observed between specimens from mt clades 3 and 4, including the proportion of animals with right/left location of the variable pigment spot on the lateral prosome (Table 2 ). In summary, I interpret the differences in prosome length among mt clades as being primarily environmental in origin, and do not consider these results to be sufficiently strong evidence for distinct species-level status of mt-clade-4 animals. I therefore proceed with population analyses (described below) including all haplotypes sampled within the nominal species P. xiphias, while recognizing that additional data may support mt clade 4 as a distinct species. I comment below on results that are influenced by inclusion of mt-clade-4 haplotypes (and see Appendices 1 and 2, Supplementary Figs. 1-3 for analyses with mt-clade-4 animals excluded).
Genetic structure of populations
Pleuromamma xiphias showed high levels of genetic differentiation among samples throughout its global (Fig. 2) . White indicates the frequency of H11. Circles indicate population structure as inferred from population graph, principal coordinate, and BARRIER analyses (see Results section for details). Table 4 reports analysis of molecular variance results for this population structure.
biogeographic range. Pairwise È ST values ranged from 0 to a maximum of 0.79 (Table 3) , and 71% of these È ST comparisons were significant following Bonferonni correction (pairwise ¼ 0.00017). Significant pairwise È ST values were observed in comparisons both within and between ocean basins (Table 3) , and nonsignificant comparisons typically occurred between the least geographically distant samples (e.g., samples 17-19 in the South Pacific, 11-15 in the North Pacific). The highest pairwise È ST values were comparisons between three samples in the IWP (samples 8, 9, 10 in Fig. 1) , and all other regions worldwide. These three samples contained both mt-clade-3 and mt-clade-4 haplotypes, with clade-4 haplotypes present in relatively high frequency (Fig. 3) . This pattern was unusual relative to all other samples. Although clade-4 haplotypes were also found in samples 1, 6, 7, and 11 ( Fig. 3) , they were present in low frequency there. If clade-4 haplotypes were excluded from the analysis, maximum pairwise È ST values ranged up to 0.54 (all comparisons), and samples 8, 9, and 10 had maximum pairwise È ST values up to 0.45 (Appendix 1). In summary, even if mt-clade-4 haplotypes were excluded from the analysis, as would be appropriate if they are in fact a separate species, genetic differentiation among populations throughout the distribution was high (Appendix 2; Supplementary Figs. 1 and 2).
Results from population graph, principal coordinate and barrier analyses all indicated substantial genetic subdivision among P. xiphias samples. The population graph for P. xiphias had five subgraphs (Fig. 5) , each of which corresponded to a distinct region of the ocean. Subgraphs for the North Pacific, South Pacific, and North Atlantic included all material collected from these regions, indicating high genetic covariance among all samples in these areas. Four samples in the eastern Indian and western Pacific oceans (samples 7, 8, 9, 10) were included in an IWP subgraph that was connected by only a single edge to the rest of the material from the Indian Ocean (Fig. 5) . The central subgraph for the global data set included samples from the western Indian Ocean, and was connected by four edges to subgraphs in the Pacific, Atlantic, and IWP regions. The highest genetic diversities (h, ) also were observed in samples from the western Indian Ocean (Table 1) , and haplotypes were shared among this and a number of other regions (e.g., H11, Fig. 3 ). The spatial population structure suggested by the population graph (Fig. 5B) was used in an a posterior AMOVA, and highly significant support was found for these five groups (È CT , P50.00001, AMOVA, Table 4 ). Forty-nine percent of the total genetic variance in the data was partitioned among these groups (Table 4 ). An exact test of population differentiation using this hierarchical population structure was also significant (Raymond and Roussett's exact test, P50.00001).
Principal-coordinate and barrier analyses provided additional insight into genetic similarity among samples, and differed from population-graph results in two important ways. First, the subtropical Atlantic samples (Nos 22, 23) clustered as highly distinct from the tropical Atlantic in both analyses (samples 24, 25; Fig. 6 ). This genetic differentiation was driven by the presence of an endemic haplotype clade (clade 2) in the tropical North Atlantic, and the relatively high frequency of the private haplotype H21 in the subtropical samples (Fig. 3) . Second, the genetic composition of plankton in the Indian Ocean differed across the transect from South Africa to Table 1 .
Australia, and the position of genetic boundaries among samples inferred from population-graph, barrier and principal coordinate analyses also differed. Principal-coordinate and barrier analyses were in agreement in placing IWP samples 8, 9, and 10 in one cluster (eastern Indian and western Pacific), with broad genetic similarity found of sample 7 to other material in the Indian Ocean (Fig. 6 ). Sample 8, at the western edge of this modified IWP cluster, was collected off of Cocos-Keeling Island. The central Indian Ocean group, including samples 6 and 7, differed from the western Indian Ocean material in the absence of H5 and H11, and in the presence of clade 4 haplotypes at low frequency (also H90 appears in Results listed under ''Population graphs'' follow the population subdivision shown in Fig. 5B . Results listed under ''Final population structure'' follow the population subdivision shown in Fig. 3 . This includes additional groups suggested to be genetically distinct in PCoA and BARRIER analyses.
this group). Inclusion of these two modifications to the global population structure resulted in an hierarchical structure of seven major groups (as illustrated in Fig. 3) , with the material from the Indian Ocean now separated into three groups and that from the Atlantic into two groups. A posterior analysis of this population structure in an analysis of molecular variance found strong support for this global population structure (È CT , P50.00001, 55% of genetic variance, AMOVA, Table 4 ). In addition, an exact test for population differentiation of the seven-group structure was also highly significant (P50.00001). When all clade 4 haplotypes were removed from the analysis, five major groups were identified, with strong support for this population structure found in both AMOVA and exact tests (È CT , P50.00001, Appendix 2, Supplementary Data Figs. 1 and 2) . These results suggest that even if clade 4 is in fact a separate species, P. xiphias s. s. has a regionalized population genetic structure.
Genetic differentiation across space
Genetic differentiation among samples was explained by geographic distance in the Indian Ocean (Mantel test, r ¼ 0.43, P50.05; OLS regression, R 2 ¼ 0.14, P50.03; Fig. 7a, Fig. 8 ), suggesting restricted dispersal in this ocean basin. This IBD pattern was more pronounced if clade-4 haplotypes were removed from the analysis (Mantel test, r ¼ 0.53, P50.005; OLS regression, R 2 ¼ 0.21, P50.005, Supplementary  Fig. 3 ), indicating that high frequency mt-clade-4 haplotypes in the eastern Indian Ocean (samples 8, 9) were not primarily driving this pattern. These results also indicate regional equilibrium between genetic drift and gene flow in the Indian Ocean for P. xiphias (Hutchison and Templeton 1999) . Plots of linearized genetic distance against geographic distance between samples indicated high levels of genetic differentiation at small spatial scales in P. xiphias relative to other oceanic copepods (Eucalanus spinifer and E. hyalinus) ( Fig. 7a ; Eucalanus data from Goetze 2005) . Within the Indian Ocean, genetically differentiated populations of P. xiphias were found down to a minimum geographic distance of 764-km apart, with a total of 19 pairwise comparisons (out of 36) found to be significant (Fig. 7a, Table 3 ). Globally, linearized genetic distance was unrelated to geographic distance between samples, as P. xiphias populations ranged from showing no significant genetic differentiation at up to spatial scales of 414,000 km, down to showing significant genetic differentiation at spatial scales of 764 km (Fig. 7b) .
Discussion
Relatively little is known about the genetic structure of marine holoplankton, but they are often expected to show limited differentiation throughout their range due to large population size and high dispersal potential (e.g., van der Spoel and Heyman 1983; Angel 1993; Norris 2000) . Results reported here for the oceanic copepod Pleuromamma xiphias demonstrate that this species is characterized by extensive genetic differentiation of populations throughout its global distribution in subtropical and tropical waters. These results provide a compelling example of a holoplanktonic species with limited realized dispersal in the open ocean, and emphasize that genetic isolation in distinct pelagic habitats can be achieved, even by species with very limited capacity to swim against ocean currents. Limited dispersal across pelagic provinces appears to have played a significant role in differentiation of populations within this species, with genetic breaks observed across oceanographic fronts and with an IBD pattern seen across oceanic habitat in the Indian Ocean.
Genetic structure between ocean basins
Given the vertically extensive diel migration of P. xiphias (4400 m) and the relatively shallow water in much of the IWP (5200 m), this region was expected to act as a strong barrier to gene flow between populations of P. xiphias in the Indian and Pacific basins. The Atlantic populations of P. xiphias also were expected to be genetically isolated, as tropical and subtropical holoplankton in the Atlantic often show limited connectivity with other ocean basins (e.g., Fleminger and Hulsemann 1974; Fleminger 1975; van der Spoel and Heyman 1983; Goetze 2003) . Although the results demonstrated strong genetic differentiation of Atlantic populations of P. xiphias relative to the Indian and Pacific oceans, as expected, the IWP region clearly has not acted as a strong barrier to dispersal between the Indian and Pacific oceans. Instead, the IWP contains a genetically distinct population of P. xiphias that consists of two highly divergent mitochondrial clades (clades 3 and 4). Geographically, this population extends from the western Pacific (collection north of Papua New Guinea) through the eastern Indian Ocean to CocosKeeling Island. The western edge of this population corresponds to a region with strong gradients in oceanographic conditions (Goetze 2005; Not et al. 2008 ) that likely reflects a transition between the high productivity South Equatorial Current (SEC) and the subtropical gyre. To the east of CocosKeeling Island (station 23 in Fig. 2 of Not et al. 2008) , we observed a well developed deep chlorophyll maximum at 70-80 m, relatively fresh (33 psu) surface waters due to the influence of the Indonesian throughflow and possibly low salinity water from the gyre in the Bay of Bengal, and warm (27.3-288C) surface seawater temperatures. To the west of Cocos-Keeling Island, the chlorophyll maximum descended to 90-100 m, and the deep thermocline suggests that we were within the eastern edge of the subtropical gyre (also see the changing composition of the phytoplanktonic assemblage in Not et al. 2008) . A number of other marine species also show genetic breaks in the vicinity of CocosKeeling Island (e.g., Williams and Benzie 1998; Bay et al. 2004; Fitzpatrick et al. 2011) , but these are often interpreted in the context of historical low sea-level stands and vicariance between ocean basins resulting from Pliocene-Pleistocene changes in sea level. Given the plasticity of biogeographic ranges in holoplanktonic species (e.g., 23 km year À1 range shifts in the North Atlantic) (Beaugrand et al. 2002 (Beaugrand et al. , 2009 , the position of this western boundary in P. xiphias almost certainly reflects a response to contemporary oceanic conditions rather than resulting from an historical vicariant event. The pairwise È ST value between samples 8 (Cocos-Keeling) and 7 (to the southwest, 764-km away) was 0.391 (P50.00001), reflecting dramatic shifts in the composition and frequency of haplotypes across this oceanographic gradient. Sample 7 also marked the northern edge of the distribution of Eucalanus hyalinus, another planktonic copepod that was collected along this same transect (see Fig. 7 The presence of a genetically distinct P. xiphias population in the IWP raises the question of how this population is dispersing throughout this region. Given the vertical distribution and migratory behavior of P. xiphias, as described from the North Pacific and North Atlantic (Roe 1972; McGowan and Walker 1979; Ambler and Miller 1987; Haury 1988) , we would expect these animals to be migrating to the benthos in an attempt to reach their normal daytime resting depths (4400 m). Such a behavior would result in increased risk of predation due to more frequent encounters with benthic planktivorous fish and invertebrates, and could result in strong selection to modify vertical migratory behavior in this region. Observations of vertical migrations of P. xiphias in the IWP region could therefore be particularly informative regarding the ecology and evolution of this genetically distinct population.
Genetic structure within ocean basins
My initial hypothesis was that P. xiphias would show moderate genetic structure within ocean basins, due to the combined effects of spending the nocturnal period in the surface ocean, which is strongly influenced by ocean currents, and the diurnal period in the mesopelagic zone, where environmental gradients (e.g., temperature, nutrient concentrations) are relatively weak (NODC World Ocean Atlas 2009). I expected the ocean circulation of subtropical gyres to facilitate retention of P. xiphias in these regions, but not to the same extent expected for animals living exclusively in the epipelagic zone (5200 m). Therefore, I anticipated finding statistically significant genetic structure within ocean basins, but low-moderate F ST values between pelagic biomes. Significant within-basin genetic structure was observed in P. xiphias in all three oceans: Atlantic, Pacific, and Indian.
Within the North Atlantic, a strong genetic break was observed between samples collected within the subtropical gyre (at $308N), and further south within the tropical North Atlantic (9-118N) . This genetic barrier, which was inferred from both principal-coordinate and Monmonier's analyses, coincided with a well-known oceanographic front at 12-148N that marks the transition from North Atlantic Central Water (NACW) to South Atlantic Central Water (SACW) at the North Equatorial Current (NEC) (Tomczak and Godfrey 1994) . Longhurst (2007) characterized the regions north and south of this front as being in distinct oceanographic provinces, with the region to the north described as being in the North Atlantic Tropical Gyre Province (NATR, 12/14-308N) and the region to the south in the Western Tropical Atlantic Province (WTRA, 12/148N-58S). The Northern Province effectively corresponds to the southern limb of the subtropical gyre, and is highly oligotrophic, with the lowest values of surface chlorophyll observed within the North Atlantic. The southern province is influenced by the divergence zone along the equator, as well as the North Equatorial Countercurrent (NECC) and SEC. My genetic results suggest that populations of P. xiphias in these distinct pelagic provinces are genetically isolated, with very limited or no gene flow occurring across this oceanographic front at 12-148N. This is somewhat surprising, given the northward surface flow of the Caribbean Current in the western tropical Atlantic that transports surface water from the tropics northward into the Gulf Stream. One might expect that sufficiently high gene flow would occur in western surface currents to keep P. xiphias populations genetically homogenized in subtropical and tropical waters. Apparently, this does not occur. One possible explanation is that strong selection across this oceanographic front may be limiting gene flow between these populations. This hypothesis could be tested with a comprehensive panel of nuclear markers, which is a goal for future work on this species. Spatially, this study almost certainly under-sampled the genetic populations of P. xiphias in the Atlantic, and further study is warranted to examine how populations are genetically related across a broader suite of oceanographic provinces in the Atlantic Ocean.
The genetic structure of P. xiphias in the Pacific Ocean supports the hypothesis that animals are passively retained in subtropical gyres, due to recirculation within these large-scale ocean features. Samples of P. xiphias were inferred to consist of two genetically distinct regions in the northern and southern hemispheres, with a strong genetic break across the equator that was consistently observed in population-graph, principal-coordinate and Monmonier analyses (Figs. 5 and 6) . The northern samples, collected between 13 and 428N in the eastern half of the subtropical gyre, were genetically highly similar, with no significant shifts observed in composition or frequency of haplotypes across the region (Table 3, Fig. 3 ; also saturated edges in population graph, Fig. 5A ). Oceanographically, the easternmost sample was collected within the California Current ecosystem, but no changes in genetic composition were observed. Samples of P. xiphias from the Southern Hemisphere differed from the North Pacific material in the near absence of haplotype H3, and in the presence of endemic haplotypes H46 and H24 (as well as the presence of H11; Figs. 2 and 3) . All of the material in the South Pacific was collected within Longhurst's (2007) South Pacific Subtropical Gyre (SPSG) province, and pairwise È ST values among the South Pacific samples were, with the exception of sample 16, nonsignificant (Table 3 ). This pattern of genetic similarity among samples within subtropical gyres, but absence of gene flow among them, was also observed in related studies on the pelagic copepods Eucalanus hyalinus and E. spinifer (Goetze 2005) , and is as to be expected given the large-scale ocean circulation in the Pacific basin. Transects across equatorial and tropical latitudes would be particularly informative for understanding gene flow and dispersal among populations of P. xiphias in regions outside of the subtropical gyres.
An IBD pattern was observed across oceanic habitat in the Indian Ocean, suggesting restricted dispersal throughout this basin and regional equilibrium between genetic drift and gene flow in controlling the distribution of genetic variation. Pleuromamma xiphias exhibited strong shifts in both composition and frequency of haplotypes at spatial scales down to $800 km (Fig. 6) , while E. hyalinus and E. spinifer showed no genetic differentiation across this same transect ( Fig. 6A; Goetze 2005) . Other recent studies of marine holoplankton have often found genetic structure at much larger spatial scales (e.g., thousands of kilometers) (Nelson et al. 2009 , Casteleyn et al. 2010 , and results reported here for P. xiphias imply surprisingly limited realized dispersal in the open ocean for this species. Three regional populations of P. xiphias were inferred from population-graph, principal-coordinate and Monmonier analyses (Fig. 3) , corresponding to the IWP region (discussed above), the central Indian Ocean, and the western Indian Ocean (including the Agulhas Current and SW Indian Ocean subgyre). As noted above, a strong genetic break between the IWP and the central Indian Ocean occurred at a region with pronounced oceanographic gradients (see above).
The genetic break between the central and western Indian Ocean was less well pronounced and should be interpreted with caution. I suspect that sampling at a higher spatial resolution might reveal a genetic cline in this species, given the shifts in haplotype frequency shown in the pie charts in Fig. 3 . Many of the genetic changes seem to occur at regions known to mark oceanographic fronts (e.g., stations 1 and 2 within the Agulhas Current region, samples 3-5 within the western limb of the subtropical gyre, samples 6-7 in the eastern limb of the gyre). Analyzing samples down to the mesoscale might reveal key links between genetic and oceanographic gradients in this species, and provide insight into the oceanographic features that strongly influence dispersal in this diel-vertically-migrating copepod.
Conclusions
Results reported here demonstrate that realized dispersal among distinct pelagic habitats is very limited in Pleuromamma xiphias, despite its oceanic and cosmopolitan distribution. Genetic structure in this species was related to pelagic biogeographic provinces and ocean circulation, with a number of genetic breaks observed between populations spanning a persistent oceanographic front or current system. These results suggest panmixia on regional spatial scales in this species. Given that P. xiphias populations in distinct pelagic biomes are genetically isolated from one another; these populations may have some capacity to respond to local selective forces and may show distinct biological responses to the same physical forcing in different regions across the distributional range. Additional work is required to understand the generality of the observations reported here, and the conditions under which we can expect oceanic plankton to be genetically differentiated at regional spatial scales (scope for additional empirical and modeling efforts). Specifically, future work examining the stability of genetic structure across years would provide insight into the nature of the hydrographic barriers to dispersal, and a more comprehensive view of genetic differentiation across the nuclear genome would enable tests of the importance of selection in controlling the distribution of genetic variation in this species.
